The development of a rapid assay for hydrogen peroxide has great practical potential because H2O2 is an important analyte in the fields of environmental chemistry, 1-3 clinical chemistry 4 and food chemistry. 5 Many chemiluminometric flow injection (FI) systems 1, [6] [7] [8] have been developed for the rapid detection of H2O2, because chemiluminescence (CL) reaction kinetics are sufficiently fast and the combination of CL with FI methods makes it possible to mix samples and reagents rapidly with a high degree of reproducibility. Further, the characteristics of the FI systems are better sensitivity, larger linear calibration range, and simpler optical system. Among them, FI systems based on an H2O2-dependent peroxidase (POD) catalyzed oxidation of luminol are suited for the rapid and sensitive detection of H2O2 because of the low background level with the CL reaction.
The development of a rapid assay for hydrogen peroxide has great practical potential because H2O2 is an important analyte in the fields of environmental chemistry, [1] [2] [3] clinical chemistry 4 and food chemistry. 5 Many chemiluminometric flow injection (FI) systems 1, [6] [7] [8] have been developed for the rapid detection of H2O2, because chemiluminescence (CL) reaction kinetics are sufficiently fast and the combination of CL with FI methods makes it possible to mix samples and reagents rapidly with a high degree of reproducibility. Further, the characteristics of the FI systems are better sensitivity, larger linear calibration range, and simpler optical system. Among them, FI systems based on an H2O2-dependent peroxidase (POD) catalyzed oxidation of luminol are suited for the rapid and sensitive detection of H2O2 because of the low background level with the CL reaction. [9] [10] [11] Flow-through sensors packed with immobilized POD have been developed, [12] [13] [14] [15] [16] since the instantaneous CL that is emitted immediately after mixing of the reagents is monitored by the integration of the reaction and detection in a flow cell. Horseradish POD (HPOD) and microbial POD were immobilized on a glass-disk, 12 glass beads, 13 immuno-affinity membranes, 14 activated nylon membranes, 15 or vinyl polymer beads. 16 In the sensor systems, though the maximum sample throughput went up to 200 h -1 , 16 it was required to prepare a large quantity of reagent solution and to continuously deliver it into the flow cell. From the position of green chemistry, this is undesirable based on environmental and resource considerations.
As an alternative to full-size FI systems, miniaturized systems that offer the promise of increased throughput, as well as lower sample and reagent consumption, have been developed. [17] [18] [19] Using micromachining techniques, flow cells having channels and hollows have been fabricated based on the silicon wafer. 20, 21 An enhancement of the analytical performance can be achieved by an overall reduction in the dimensions of the flow channel.
In the present work, a single-line chemiluminometric FI system using a luminol solution as a carrier solution was designed for the fast determination of H2O2, and a miniaturized flow-through sensor based on immobilized POD was fabricated by micromachining techniques.
To obtain a higher performance, flow rate, sample and detection volumes and connecting capillaries were reduced. The sensor consisted of an anisotropically etched silicon chip and a glass plate. The chip had a spiral channel and two penetrated holes. To form the capillary, the chip was anodically attached to a glass plate. Microbial POD was covalently immobilized with 3-(trimethoxysilyl)propyldietylenetriamine (TSDT) and glutaraldehyde (GA) on the inner surface of the capillary; the microbial one was selected because of a higher maximum rate for the CL reaction than that of HPOD. A spiral capillary was placed in front of a window of a photomultiplier tube and used as a flow cell. This method was applied to the determination of H2O2 in rainwater.
Experimental

Reagents
Luminol (5-amino-2,3-dihydro-1,4-phtalazinedion), TSDT and GA were purchased from Sigma-Aldrich Japan (Tokyo, Japan) and were used as supplied without further purification. POD (EC1.11.1.7, from Arthromyces ramosus, 250 U mg -1 ) was obtained from Suntory (Osaka, Japan). A stock solution (10 mM) of luminol was prepared by dissolving in 0.1 M carbonate buffer (pH 10.0) and stored in a dark place. The solution was diluted 100-fold with the carbonate buffer (pH 9.0) before use. A stock solution of approximately 10 mM H2O2 was prepared by dilution of 30% H2O2. The exact concentration of the stock solution was determined by titration. A low-concentration solution was diluted from the stock solution with water. Water was deionized and filtered by a water system (Milli-QII, Millipore, USA). Figure 1 shows a photograph of the flow cell. This device consisted of a silicon bottom chip (0.5 mm thick) which had a spiral channel (20 turns), two pierced holes (1 mm diameter), and a glass top plate (Pyrex glass, 0.5 mm thick). The overall size of the flow cell was 25 × 25 × 1 mm 3 . The channel (50 cm length, 150 µm width, 20 µm depth, 150 µm spacing between channels) was produced by etching. The channel volume was 1.4 µl. Two holes which serve as the fluid inlet (center) and outlet (side) were realized in the silicon wafer by highresolution powder-blast micromachining. 22 Silicon wafer (4-in.) was washed and oxidized thermally in a wet atmosphere at 1000˚C for 5 h. The microchannel design, shown in Fig. 1 , was transferred onto the wafer using a positive photoresist (OMR-83, Tokyo Ohka Kogyo, Japan), a photomask, and UV exposure. The channel was anisotropically etched in 41% KOH at 76˚C; the etching rate was 0.8 µm h -1 . Bonding of a glass plate to the wafer to form a capillary was accomplished by anodic bonding at 400˚C, 700 V for 10 min. On a 4-in. wafer, six pieces of the flow cell were produced and divided by a dicing saw (Model DAD-2H, Disco). Two-halves unions made of stainless-steel were glued onto the inlet and outlet ports with Araldite (Ciba-Geigy AG, Basel, Switzerland), respectively. PEEK (polyether ether ketone) tubings (0.1 mm i.d., 1.5 cm o.d.) were connected to the inlet and outlet unions, respectively.
Construction of immobilized POD flow cell
The capillary was filled with 6 M HCl for 6 h at room temperature and then rinsed with water (20 µl). Silanization of the capillary was performed by filling TSDT (1%) in 1 mM acetic acid for 30 min at room temperature, and then excess liquid was removed using nitrogen (2 bar). The chip was heated for 5 min at 120˚C. Following cooling, the silanized capillary was kept in a 2.5% GA in 0.1 M phosphate buffer (pH 7.0) for 10 h at room temperature. The capillary was filled with a POD solution [1 mg (250 U) of POD in 500 µl of 0.1 M phosphate buffer (pH 7.0)] for 6 h. The capillary was washed with 0.1 M Tris-HCl buffer (pH 7.2) to saturate the free linking sites. The flow cell was mounted in front of a viewing window of a photomultiplier tube (PMT).
Instrumentation and procedure
The FIA system used in this work is outlined in Fig. 2 . A luminol solution (carrier solution) was pumped with an IC3210 syringe pump (kd Scientific, Pennsylvania, USA) at a flow-rate of 10 µl min -1 . The sample (0.2 µl) was introduced with a Rheodyne 7520 injector (Rheodyne, California, USA). The chemiluminescence was measured at room temperature (22 -26˚C) with an S-3400 luminometer (Soma, Tokyo, Japan) connected to an SC77 signal cleaner (SIC, Tokyo Japan) and an FBR251A strip-chart pen recorder (TOA, Tokyo, Japan). The voltage across the PMT was 900 V. A fused-silica tubing (7.8 cm long, 50 µm i.d., 380 µm o.d., poly(imide) resin coating; the inner wall was inactivated with ethyltriethoxysilane) connected between the injector and the flow cell.
Rainwater was diluted 10-fold with water. The sample solution (0.2 µl) was injected via an injector. The recoveries were calculated from the added amount and the determined amount of the rainwater samples containing known concentration of H2O2.
Results and Discussion
Property of the sensor
In this single-line FI system, mixing of a sample plug with a luminol solution (carrier solution) is essential for the CL reaction, and the CL is only produced when the mixture is in contact with the immobilized POD. Therefore, the factors which induce mixing, that is, sample spreading and dispersion must be optimized. The peak broadening in coiled open tubular reactors can be estimated using the Golay equation. [23] [24] [25] However, in this work, narrower peaks were obtained compared to those calculated from the equation, because the CL reaction kinetics are sufficiently fast and the light emission ceases before the H2O2 diffuses significantly into the luminol solution, resulting in narrow peaks (chemical band narrowing effect), 26 unlike conventional photometric and fluorimetric detections. In a tubular flow reactor, the axial dispersion is dependent on the tube length and the flow rate. 27 A series of experiments were performed to establish the optimum length of the capillary and flow rate of the luminol solution for the CL reaction in the presence of immobilized POD. The effects of the flow rate of the luminol solution (100 µM) on the peak width (W1/2) at half height in microliter unit, peak height, and peak area using chips having different length of capillaries (10, 30 and 50 cm, the wall thickness between two channels was 150 µm for each chip) were evaluated by injecting 100 nM H2O2 (0.2 µl) using the system shown in Fig. 2 . As shown in Fig. 3 , W1/2 (µl unit) increased with an increase in the flow rate, and was not appreciably affected by the difference in the length of the capillary; for a 50 cm length capillary, W1/2 at 25 µl min -1 was about 3-times that at 5 µl min -1 , whereas W1/2 for a 50 cm capillary was 1.2-times that of a 10 cm one at 25 µl min -1 . The peak height was dependent on the capillary length and the flow rate of the luminol solution (Fig. 4) . For a 10 cm length capillary, the peak heights decreased with an increase of the flow rate, owing to peak broadening. The peak height-flow rate curves for 30 and 50 cm length capillaries had maxima at 5 and 10 µl min -1 , respectively, because the mixing at lower flow rates was insufficient. On the other hand, for 30 and 50 cm length capillaries, the peak area (total amount of emitted light) increased with an increase in the flow rate, as shown in Fig. 5 ; it is apparent that, in this system, light emission (peak area) is highly dependent on the dispersion (flow rate) rather than the residence time. For a 10 cm long capillary, the peak area decreased above 20 µl min -1 (linear velocity ca. 12 cm s -1 ) because of the short residence times. Figure 6 shows the FI peak for a 50 cm long capillary at a flow rate of 10 µl min -1 under the conditions shown in Fig. 2. In Fig. 6 , the travel time, the total time of the observation of the peak (baseline to baseline), standard deviation of the peak (σt) and the peak asymmetry factor were 1.4 s, 12.0 s, 1.9 s and 1.2, respectively. The considerable asymmetry in the peak shape predominantly resulted from dilution with the solution existed in the dead volume at connectors in the system, because the calculated travel time without the dead volume at connectors was 0.92 s (the volume of the connecting tubing (50 µm i.d., 7.8 cm long) from the injector to the flow cell was 0.153 µl). The maximum sample throughput, which was calculated from σt, increased to over 315 h -1 , where the factor depending on an acceptable 825 ANALYTICAL SCIENCES JUNE 2003, VOL. 19 Fig. 3 Effect of flow rate on the peak width at half height. , 10 cm long capillary; , 30 cm long capillary; , 50 cm long capillary. Fig. 4 Effect of flow rate on the peak height.
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A series of investigations were undertaken to determine the influence of the pH on the luminol reaction and system stability. The effect of the pH on the chemiluminescence intensity (peak height) was examined in the pH range from 8.5 to 11.0 using two kinds of buffers (Tris-HCl buffer and carbonate buffer) by injecting a 5 µM H2O2 standard. The maximum sensitivity was found to be at about 10.0 with the carbonate buffer. Stability of this system was evaluated over a period of 20 days at pH 10.0. The luminol solution (pH 10.0) was pumped for 12 h during one day, and 5 µM H2O2 was injected every 30 min. The flow cell was washed with 0.1 M phosphate buffer (pH 6.8) and then stored in a refrigerator when not in use. The decrease in the peak height obeyed almost first-order kinetics with a half-life period of 14 days. The solution was leaked from the injector after 10 days because it did not resist the higher pH solutions. Though the peak height at pH 9.0 was about half that at pH 10.0, pH 9.0 with the carbonate buffer was chosen as a compromise between sensitivity and stability; at pH 9.0, the half-life period of POD was 28 days and the leaking did not occur. The peak height in the carbonate buffer was twice that in Tris-HCl buffer. The influence of the luminol concentration on the peak height was studied from 30 to 300 µM in the carbonate buffer (pH 9.0) by injecting 5 µM H2O2. The sensor exhibited constant peak heights above 80 µM; 100 µM luminol in the carbonate buffer (pH 9.0) was chosen.
Calibration graph and the detection limit
Using the system shown in Fig. 2 , the peak heights were plotted against the concentrations of H2O2. A linear calibration graph was obtained over the range 5 nM -5 µM. The leastsquares calibration equation was Y = 0.698X + 6.505, where Y is log(peak height (cm)) and X is log(H2O2 concentration (M)) with a linear correlation coefficient of 0.990 (14 data points). Figure 7 shows FI peaks for five replicate injections of 0.3 and 0.7 µM H2O2. The relative standard deviations (RSDs) were 1.3 and 0.87% for 0.3 and 0.7 µM H2O2, respectively. The detection limit, based on a signal-to-noise ratio of 3, was 1 nM (7 fg in 0.2 µl injection).
Determination of H2O2 in rainwater
The proposed method was applied to determine H2O2 in rainwater. The results for two samples and for several standard addition experiments on the samples are given in Table 1 . In order to check the usability of the sensor system, a series of the solutions containing known amounts of H2O2 were added into the sample solutions. All of the samples gave straight standardaddition plots, and their slopes were very similar to that of the calibration graph. The recoveries were 99 -103%, which are sufficient for practical applications.
Conclusions
We have described and demonstrated a chemiluminometric flow-through sensor with immobilized peroxidase for a highthroughput assay of H2O2. The maximum sample throughput is 315 h -1 . The sensor is stable enough to permit the measurement of more than 5000 samples. This work showed one possibility for miniaturization of the FI system with the goal to reduce reagent consumption, to decrease of waste production, and to increased the sensitivity and sample throughput. 
